Two-dimensional (2D) materials and soft materials are both susceptible to mechanical instabilities, such as buckling, wrinkling, folding and creasing, especially when located on surfaces. Here, we report that weak van der Waals interactions cause the interface between 2D molybdenum disulphide (MoS 2 ) and a soft poly(methyl methacrylate) coating to demonstrate mechanical instability and delamination. The resulting non-uniform and buckled interface greatly hampers the ability of the coating to protect the MoS 2 substrate. Also, the corrosion rate of 2D MoS 2 and quench rate of intrinsic luminescence in 2D MoS2 were significantly accelerated by the soft coating. Owing to the formation of corrosive cavities at the interface, the geometry and size of the flakes became the dominating factor, and a critical size of 2D flakes for such interfacial instability was determined based on elasticity theory. Such hazardous corrosion in a 2D material caused by a soft coating raises concern for their use in electronic packaging, and for the processing of van der Waals-layered materials for future applications.
INTRODUCTION
Empowered by their atomic thickness, the emergent twodimensional (2D) materials 1,2 nowadays attract alot of attention. However, similar to many other low-dimensional materials, they have the notable drawback of poor stability and robustness, which is mainly owing to their large surface ratio and surface/edge activities. In particular, as one group of promising 2D materials, transition metal dichalcogenides (TMDs) can be applied for electronic and optoelectronic devices, such as light emitting diodes, photodetectors, solar cells or lasers. [3] [4] [5] However, the 2D TMDs have been found unstable under ambient conditions, 6, 7 which narrows their applications. Though it is also noted the active edge sites of TMD monolayers may be passivated by the TiN substrates, 8 and monolayers are more resistant to electroablation compared with the bulk. 9 To tackle inherent degradation problems including oxidation, hydration or impurity adsorptions in 2D materials, special precautions need to be taken in their fabrication, processing and packaging.
The main concept for protection is blocking the chemically aggressive environments by the coating layer or inert passivation. 10 In the electronics industry today, active materials are conventionally packaged/protected by metal, ceramic or polymer shells/coatings, 11 particularly for microelectronic devices with high requirements on stability, power density, conductivity, compatibility and integrity. Analogously, for the 2D materials, the protective packaging become indispensable in various applications, especially under some harsh working conditions. Soft coating using polymers such as Poly (methyl methacrylate) (PMMA), polydimethylsiloxane or epoxy 12 is economic and facile for processing, however, as we will discuss in current work, the role played by interfaces along with 2D materials is decisive for the performances of these coating. In fact the 2D material/soft matter interfaces have been widely applied in transferring/ printing/processing for various applications, 13, 14 and these interfaces concerned are essential for the structural/morphological control and physical property tailoring, as well as for the performances of flexible devices using soft substrates.
Despite 2D materials being highly flexible [15] [16] [17] and easily coupled with various surfaces, it is well known the 2D materials have weak interlayer interactions, mostly via the van der Vaals (vdW) interactions with the external environments. Therefore, instability and delamination at the interfaces between 2D materials and attached surfaces regularly occurrs. 18, 19 Alternatively, artificial out-of-plane covalent bonding may enhance the adhesion between the 2D layers and external surfaces, nevertheless the ground breaking properties in 2D materials may be lost. 20 Thus, the packaging/coating of 2D materials faces the tradeoff problem for coating, and the interfacial instability/delamination control is the key of protective layers.
In this work, we will demonstrate that coating by soft materials such as PMMA on 2D MoS 2 inevitably releases the internal stresses or interfacial stresses by mechanical instability. The resulting nonuniform interfaces and aggressive environments built up in the micro-cavities at interfaces can rapidly trigger remarkable corrosion in the 2D materials, which is opposed to our primary purposes of protective coatings. Such corrosion under protection is nucleated homogeneously inside the flakes, distinct to the samples without protection where the corrosion is initialised from the edges. The geometry and size of flakes dominate the corrosion rate, which can be rationalised by the elastic buckling theory. This unexpected enhanced corrosion behaviour resembles the famous corrosion under insulation (CUI) events, as recognised by the industry from 1970s. 21 Owning to the weak-bonding nature at interfaces involving the 2D materials 22 and various physical/ chemical properties governed by the interfaces concerned, [23] [24] [25] in-depth understanding of such interfacial instability is important.
RESULTS AND DISCUSSIONS
PMMA is regarded as one of the most promising soft coating materials owing to its low moisture adsorption rate, good resistance to acids, alkalis and weathering. 26 Most importantly, it is economic and compatible with large-scale fabrications in industry.
27 2D molybdenum disulphide (MoS 2 ) we used for the current study was synthesised by chemical vapour deposition (CVD) (see Methods for details) on SiO 2 /Si wafer. The assynthesised samples were divided into three parts for further stability tests. The first part is for PMMA protection layer coating. A thin layer of PMMA was spin-coated on the surfaces at a speed of 2000 rpm. The PMMA thickness (data available for the commercial PMMA-A4 solvent, http://microchem.com/) is~300 nm. The PMMA-coated samples was then dried in room temperature for sufficient time. Meanwhile, control groups were prepared using the original 2D MoS 2 (as-synthesised ones on SiO 2 /Si substrates and post-transfer ones on other SiO 2 /Si substrates). Then all the samples were safely stored under ambient conditions (~20°C, RH 50%) for one to six months before further characterisation. Surprisingly, the aging results turned out that all the samples were corroded, whereas the corrosion rate were quite dispersive. For samples without PMMA coating (control group), the optical images (Fig. 1a) revealed that except at the grain boundaries some nano-cracks are formed, no cracking or apparent particles can be found. This is in line with the fact that edges or grain boundaries are the most active positions where the corrosions can be selectively initialised. In contrast, samples with protective PMMA coating showed much stronger corrosion. Figure 1b exhibited the strong corrosion occurred inside the flakes under the PMMA coating, despite the edges were maintained safely.
The surface morphologies of the aged samples were studied using atomic force microscopy (AFM) (Fig. 1c-h ). Note the samples with PMMA coating were cleaned by acetone right before the AFM measurements. We examined two types of CVD samples: monolayer and multilayer (spiral) MoS 2 . 28 The edge corrosion was stronger on the bare MoS 2 samples than the PMMA captured samples ( Fig. 1c-f ). Supplementary Figure S1 shows the line profile crossing the oxidised edge on a bare spiral sample, a width of5 00 nm and height of~10 nm was observed, which is thickness independent. Conversely, a much smaller width of~200 nm and height of~20 nm was recorded for the sample coated with PMMA (Supplementary Figure S1) . It is noteworthy that the centre of MoS 2 flake started to be corroded under the PMMA protective layer, and bulky particles (~1-2 µm in width and 100 nm in height, attributed to the formation of MoO x ) were formed in PMMAprotected samples (Fig. 1d , f, h), in comparison, no particles appeared yet on the bare MoS 2 .
The scanning electron microscopy (SEM) clearly revealed the different corrosion behaviour after long time aging (~6 months) for bare and PMMA-coated 2D flakes, respectively (Fig. 2a, b) . For 2D TMDs, the optical signals are good figure-of-merit for the material/structural quality. 29 Our samples were investigated by confocal photoluminescence (PL) and Raman spectroscopy at room temperature. Figure 2c , d shows the PL intensity-integrated mapping by applying an area filter with integrated the A peak (640-700 nm) and Supplementary Figure S2 presents the B peak (700-740 nm) position mapping on the multilayer spiral samples. The dropped down intensity at the edges implied the edge oxidation on bare MoS 2 samples. The PL intensity undergoes a sudden surge followed by gradual decrease from the edge to the centre, correlated with the decrease of thickness in the spiral sample (Fig. 2c) . Owing to the direct bandgap nature of monolayer MoS 2 , PL intensity is strongest in 1 L and decreases with increasing layer thickness owing to the direct-to-indirect bandgap transition. 30 On the other hand, PL integrated (A peak) mapping on the PMMA-protected samples filter showed the extreme degradation in the thinner part, indicating strong corrosion (Fig. 2d) . Similar trend was observed for the B peak filter mapping as well.
The results from Raman integrated map (Fig. 2e , f) are in line with the PL mapping. The Raman spectrum (Supplementary Figure  S3) exhibits the presence of the characteristic E 2g (381 cm −1 ) and A 1g (400.5 cm −1 ) modes. The obtained A 1g /E 2g ratio was larger than 1, indicating the oxidation is present on the whole PMMAprotected sample. Raman signal was much weaker in the PMMAcoated sample compared with bare samples, mainly owing to corrosion in the entire monolayer part (Fig. 2f ). In addition, the comprehensive X-ray photoelectron spectroscopy (XPS) results exhibited more oxidation evidences (e.g., Mo 3d p3/2 and p5/2 peaks) in the aged samples (see supplementary Figure S4 ), whereas the PMMA-coated samples still have much higher oxidation signatures than the bare samples. The Transmission electron microscopy (TEM) result and electron energy loss spectroscopy (EELS) data acquired from the aged samples (see supplementary Figure S5 and S6) also clearly exhibit the trace of oxygen. It is clearly seen in the above results that the dynamics of corrosion here include two parts, nucleation and growth. The nucleation sites (~1 month) for 2D layers with and without coatings are distinct ( Fig. 1) , further, the growth of the corrosion pits (1 month to 6 months) occurs following the nucleation, at the edges or inside flakes, respectively. For monolayer MoS 2 , the PL intensity are quenched to < 1% after corrosion, over two order of magnitude difference in intensity, see supplementary Figure S7 . Thus, regarding to the portion of oxidised area in the monolayer MoS 2 , the intensity in the PL images can be linearly mapped to the percentage of corrosion area already taken place in the monolayer MoS 2 .
More interestingly, a strong size and geometry dependence of the corrosion rate were found in the PMMA-protected 2D flakes. (Fig. 3c-f ). In the PL intensity map (A peak) without PMMA protective layer, except for the corrosion-preferred domain boundaries, the corrosion rate is quite uniform for different domain sizes. However, in the presence of the PMMA protective layer, the larger domain has much faster corrosion (Fig. 3f) , and the corrosion rate was close when the domain sizes are in equal (Fig. 3d, e) .
The above observations suggested correspondences between the corrosion enhancement effect and the soft layer (PMMA) coating. The CUI occurred mainly as the protective (insulation) layer captures the water, oxygen or other reactive species underneath, which build up highly corrosive and closed microenvironment for the surface of metals. 31 Thereby, in our experiments the PMMA coating has played similar roles. Sketched Fig. 3 The PL spectrum mapping using A exciton peak on different size and geometry 1L-MoS 2 flakes (all with PMMA coating) after 1 month aging. a-f All the flakes are rescaled in the same magnification. The yellow arrows mark the domain boundaries. The unified lateral scale bar in f is 10 µm. The colour bar (PL intensity, unit: counts) for a-e is shown in e, and colour bar for f is shown in panel f 
in Fig. 4a , there are mainly three parts involved, the stiff substrate (Si/SiO 2 wafer), the 2D atomic layer (MoS 2 ) and the soft coating (PMMA). Our previous work has revealed the interfacial mismatch between the stiff substrates and 2D layers. 18 The homogeneous in-plane tensile stress may induce edge instability and delamination once the interfacial stress is over the critical value (Fig. 4b) . The delaminated 2D parts and interfacial cavity will grow under the combination of tension and shear stress.
As the commanding requirement of interfacial delamination, interactions between the 2D layers and the substrate or 2D layers and the PMMA coatings are vdW type, which are weak bonding compared with the stronger interactions between the PMMA and Si/SiO 2 substrates. This is based on the fact that carboxyl (of PMMA)-oxygen (of Si wafer) bonding is stronger than the vdW bonding along MoS 2 , hence we can neglect the interactions involving 2D MoS 2 . The second condition for instability is stress condition. The overall residual stress remained in the PMMA layer after evaporation of solvent is tensile (in-plane).
32 Fig. 4a , c has depicted the residual stresses in the 2D layers and soft coatings. In our samples, the 2D atomic layers are not continuous full films. As we mentioned the instability at PMMA/2D layer and 2D layer/ substrate interfaces will be favoured owing to weak bonding, and the interfaces between PMMA/substrate can be reckoned as rigid (fixed), hence uniform in-plane tensile stress in the entire PMMA coatings cannot induce any instability. Nevertheless, the CVD growth of 2D layers inevitably introduces some promoter particles or reactant material particles on/underneath the 2D layers (see Methods section), which can trigger out-of-plane fluctuations or corrugations in 2D layers. The wrinkles in the 2D layers can also cause corrugations. Therefore, the soft coatings (PMMA) will have corrugated inner surfaces (PMMA/2D layer interfaces) accordingly. Moreover, for 2D multilayer samples, such as the spirals in Fig. 1 , the inner surfaces of PMMA (PMMA/2D layer interface) are naturally corrugated. Thus, under tensile stress the corrugated soft surfaces where Gaussian curvature larger than zero will cause instability buckling and delaminations (see Fig. 5a ).
The PMMA/substrate interfaces are firmly fixed, whereas the PMMA/2D layer or 2D layer/substrate interfaces experience instabilities and micrometre sized cavities at the interfaces are created. Followed by the intake of moisture and oxygen, these cavities act as the ideal corrosive and pressurised micro-chambers. The reaction products (e.g., oxide particles, Fig. 2d ) can enlarge or connect the cavities, thus the corrosion become self-catalytic. Eventually, the 2D layers will be selectively corroded from the centre of flakes, whereas the edges of 2D flakes are relatively protected by the PMMA coating, because they are close/attached to the fixed PMMA/substrate interface.
Another source of instability comes from inhomogeneous stress/modulus gradient along thickness direction of the soft coating layers. For the solvent evaporation is outward (Fig. 5b) and Fig. 4 The schemes for the corrosive interfaces. a 3D(upper) and cross-section views(lower) of the experimental specimens coated with PMMA. b The delamination between 2D layer and substrate caused by cooling after synthesis. c The delamination between 2D layer/substrate and 2D layer/soft coating Fig. 5 The instability mechanisms at the interfaces. a The buckling and cavity formation by corrugations at interfaces. b The instability caused by stress gradient originated from inhomogeneous evaporation of solvents. c The scheme for bowtie shape 2D flakes with buckling inside domains rather than at domain boundaries (red arrows). 2D atomic layers at the interface are not shown, they might be attached either to the soft coating or the rigid substrate after buckling Coating two-dimensional MoS 2 with polymer. . . QuocHuy Thi et al. opposite to the PMMA/2D layer or 2D layer/substrate interfaces, the evaporation will be more complete close to outward surfaces than the inward interfaces, thus higher tension will remain close to the outward surfaces. This stress gradient can introduce bending moment and finally cause the interfacial instability once reaching the critical point/condition. The consequent corrosive chambers for the 2D flakes by the stress gradient and the local corrugations as discussed in previous paragraphs play as the main sources of CUI.
Following the above analysis, the size and geometry dependence of the corrosions in 2D flakes can be readily understood. Assume the density of corrugations at the interfaces are uniform, firstly the larger flakes will have higher possibility to have corrugation-induced instability at interfaces; second, the larger flakes will have more instability induced cavities, and form larger corrosive chambers after the cavities/buckling are spatially connected or buckled by stress gradient along thickness direction of coatings, which can accommodate larger volume and higher diffusivity for the reactants. Compared with the high-symmetrical (threefold) triangle shaped flakes, the anisotropic bowtie shape flakes, which consist of two single domains have two main axis, which will cause distinct amplitudes in the bucking (Fig. 5c) . No buckling or minute buckling occurs at the domain boundaries (arrows in Fig. 5c ). Thereby the corrosion rate is much larger inside the domains than at the domain boundaries.
We can further apply the elastic theory for buckling 33 on the above systems. Consider the 1D instability case in small deformation approximation with fixed support ends, see Fig. 6a inset. Although whether the 2D atomic layer is attached to PMMA layer or rigid substrate after buckling is uncertain, because the 2D layer is ultrathin as compared with the PMMA layer, only PMMA layer will be considered in our analysis. The governing equation on the post-buckling coating layer is
where u is deflection of the coating layer, I is the moment of inertia, E is isotropic elastic modulus, A is cross-section area, σ 0 , and τ 0 and M 0 is the normal stress, shear stress (both in x direction) and bending moment at the original point, respectively. Note, only the interfaces involving 2D vdW layers can be delaminated easily, the soft coating/rigid substrate interfaces are considered as fixed boundary condition in modelling. Using the boundary condition u(0) = 0, the solution of the governing equation is
as on the other fixed end, u(x c ) = 0,
where k ¼
ffiffiffiffiffi ffi
Aσ0 EI q . Use the rectangular cross-section, moment of inertia I = bt 3 /12, area A = bt and σ 0 =Eε 0 , as t is the thickness of the soft coating film, ε 0 is the in-plane tensile strain and we assume the stress gradient (caused by evaporation, see Fig. 5b ) in thickness direction on isotropic materials, E S (for PMMA, typically 1.7 GPa) and E T (for PMMA, typically 3.2 GPa) are shear and tensile moduli, ε s is shear strain and ε T the surface tensile strain at origin, eventually we got exp
ESεs ET εT xc t þ 1. Thus, it is clearly seen the linear dependence between the critical buckling length (x c ) and the thickness (t) of the soft coating layer. Figure 6a plots the x c -t curve using typical in-plane strain values.
By applying typical strain conditions, we can also numerically plot the relationship between the instability wavelength x c and the in-plane tensile strain ε 0 , see Fig. 6b . Therefore, the calculated intrinsic buckling of soft coating layer allowed by the weak vdW interface matches with the critical 2D flake sizes synthesised by the CVD method in our experiments (5~20 µm, see Fig. 3 ). For certain thickness of soft coating, the critical instability length defines the minimum size (dimension) of flake for the interfacial buckling, dependent on the residual in-plane stress. It has successfully explained our observations on the flake size dependence of the CUI rate. Unfortunately, such instability falls into the scale of most nano/micro devices relating to the 2D materials, and the enhanced CUI behaviour under buckled coating layer can significantly hamper the performances of devices.
Owing to the ultralow bending rigidity and weak vdW interactions, 2D materials are known to be flexible and easy to buckle. In this work, we have addressed the importance of the interfacial buckling, which is combined with the 2D layers and polymeric soft coatings. The delamination problems between soft coatings and rigid substrates are prevailing in industry. 34, 35 Unfortunately, the incorporation of 2D atomic layered materials may further lead to more severe problems. Here, we studied the role of PMMA coating layer in the protection/corrosion of monolayer 2D TMDs. By using AFM correlated with optical techniques such as PL and Raman, it was surprisingly revealed that the corrosion was much stronger in the presence of PMMA layer, resembling the CUI in industry. In addition, we also elucidated the size and geometry dependences of the corrosion rates and realised the importance of coating thickness and residual stress. Therefore, further applications of the 2D layers are advised to account for these particular corrosive interfaces and greater care should be taken against such CUI in 2D materials. 
METHODS

Preparation of promoter/metal precursor mixture
We purchased iodixanol (Sigma-Aldrich, D1556, solution A), which is used for medium to dissolve promoter and precursor and has no influence on the growth of TMDs. Promoter (solution B) was prepared by dissolving sodium hydroxide (NaOH) in deionized water (0.1 g of NaOH in 80 ml of deionized water). Solution phase ammonium heptamolybdate (AHM) (solution C) and ammonium metatungstate (AMT) (solution D) precursors were also prepared by dissolving ammonium molybdate tetrahydrate (Sigma-aldrich, 431346) in deionized water, respectively.
A total of 11.5 mM AHM was used. Prior to the spin-coating process, solution A, B and C were mixed in an A/B/C ratio of 0.5:3:1. The mixing order (A→B→handshake→C) is critical to prevent micelles generation. The solution was dropped onto the SiO 2 /Si wafer, followed by spin-coating at 3000 rpm for 1 min.
Growth of MoS 2 monolayer
Two hundred milligrams of S (Sigma-Aldrich, 344621) pellet was loaded into a 2-inch tube furnace in zone 1 and the substrate, which contained the metal precursor was placed in zone 2 (zone for Mo). In this work, the growth was carried out at atmospheric pressure. For the growth, zone 1 was heated up to 210°C at a rate of 42°C/min. In the meantime, zone 2 was also heated to 780°C over a period of 10 min with 2 sccm of H 2 flow. After synthesis process, MoS 2 was formed together with Na 2 Si 2 O 5 , moisture and oxygen. The reaction was described as below: 
Sampling of the aging studies
We have prepared and characterised 14 aged MoS 2 monolayer flakes indepth with PMMA coating and 13 aged flakes without PMMA coating.
Characterisation of monolayer TMDs
PL and Raman spectroscopy. PL map and Raman spectra were measured by using a multifunctional optical microscopy system (NTEGRA SPECTRA, NT-MDT) with 532 nm laser excitation (~30 µW power) under ambient conditions. The scanned image was obtained at 128 × 128 pixels with a grating of 600 g/mm to yield a spectral resolution of < 0.1 cm −1 for confocal Raman mapping and with a grating of 1800 g/mm to yield a spatial resolution of 200 nm for confocal PL mapping. The accumulation time for each spectrum was 0.3 second for image scanning and 0.5 sec for a single spectrum. An area filter was used to extract the Raman spectrum map with an integration of E 1 2g peak (375-392 cm −1 ), A 1g peak (392-415 cm −1 ) and PL intensity map (640-740 nm).
AFM characterisation. The AFM images of samples were recorded using an E-Sweep system (Seiko, Japan) atomic force microscopy. A Au tip (SI-DF3-A) with an~10 nm tip radius was used. The force constant and resonant frequencies of the tips were approximately 1.9 N/m and 29 kHz, respectively.
SEM and energy dispersive spectroscopy (EDS).
Field-emission scanning electron microscopy (FESEM) (JSM7000F, Jeol, Japan) was used to examine the surface morphology of samples at different accelerating voltages to obtain a high level of contrast at different magnifications. An X-Max Silicon Drift Detector in a FESEM-JSM7600F system was used for EDS mapping for 10 min. An accelerating voltage of 15 keV was used to obtain sufficiently pronounced signals while retaining sensitivity to the sample surface.
XPS. XPS was performed using an Al X-ray source (Thermo-Scientific, ESCALAB 250Xi). All the peaks were measured under high vacuum (10
Torr).
TEM. The TEM (STEM) and EELS characterisations were carried out by JEOL ARM 200 F TEM under 80 kV.
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